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PRESSURE DISTRIBUTION OVER THICK TAPERED AIRFOILS, N. h C. A. .
81, U. S. A. 27 C MODIFIED, AND U. S. iL 35

By ELLIOTT G. REID

SUMMARY

M the request of the United States Army Air Service, the tests reported herein were con-
ducted in the 5-foot atmospheric wind tunnel of the LangIey MemoriaI A~nauticsl Laboratory.
The object was the measurement of prassures over three representative thick, tapered airfoils
which are being used on existing or forthcoming Army airphmes. The results me presented in
the form of pressure maps, cross-span Ioad and normal forw coefficient curves and load contours.

The pressure distribution along the chord waa found very sirdar to that for thin wings,
but with a tendency tc)ward greater negative p~es. The characterist.imof the Ioading
across the span of the U. S. A. 27 C moditied are inferior to those of the other two wings; in the
Iatte.ij the distribution is almost exactly elliptical throughout the usual range of flying angles.

The form of tip incorporated in these models is not completely satisfactory end a modifica-
tion is recommended.

INTRODUCTION

In the light of recent studies of acceIeratiom in flight and some unqected structural
faikres in the air, the schedule of required Ioad factors for Army airpkmes has been made much
more severe than that formerIy used. Consequently the design of wing cdlules and the proper
loading of wings in static test have become more serious problems than ever before. This is
particularly hue of pure or semi cantilever construction which irwoIves the use of thiclq tapered
wings.

Determinations of the magnitude and disposition of the air Ioads imposed upon representa-
tive wings of this type have therefore been carried out.

METHODS AND APPARATUS

The pressure distribution measurements described below were made on half-span models of
the folIowing airfoils: h’. A. C. A. 81, U. S. A. 27 C modi6ed, and U. S. A. 35. The first is a
doubIe convex sed.ion of small mean camber; it is IinewIy tapered both in thickness and phm
form. The second is aIso doubly convex but of larger camber; it is of constant section for about
a chord length at midspsn and is tapered Iinearly in plan form and thickness from this section
to a tip which is washed out 1.5 degrees. The third airfoil has a slightly concave lower
surface and the greatest camber of the group; its taper is Iinesr in pkm form and thickness.

MxWs.-The modeIs were btit of mahogany laminations md inlaid with soft brass tubes
of 0.050 inch (1.27 millimeters) outside diameter. The N. A. C. A. 81 and a sample hunination
are shown ii Figure 1. DetaiIs of the models, location of ofices, etw, are given in F~”ures 2,
& and 4.

Into each modeI were built between 70 and 80 tubes which had their open ends distributed
aIong the 6 chosen chords of the semispan. The portion of each lamination to be incIuded
within the finished niodel was laid out and the tube grooves made within these limits. Tubes
were then cut to extend slightly beyond the mdel surface and welI beyond the wing butt.
Glue and dowel pins were used to build up the laminations into complete wing blanks.
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Modela were cut to shape entirely by hand. TempIates were fitted at the ends of the
tapered sections and. a straightedge wed to be~ the surface bet~~e.enPrwortional ChO~
stations.
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The tip form adopted was one designed to allow the use of two spara of approximately
equaI length and yet realize the aerodynamic advantag= common to elliptical and negatively
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raked tips, To incorporate this modified tip, the model was first finished in the orighml
trapezoidal plan form, the ordinates at tip and root be@ those given in Table L The cornem
were then removed to give the desired plan form, ~ “mean camber line” scribed around tho
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square tip, and the surface faired down to this line. A form approximating that pf the Ieading
edge was maintained well around the front corner; the radius was then gradualIy reduced to
give a smooth transition into the sharp trai%g edge. The resulting muMIations of the orig-
inal surface extended inward to a maximum distance of 10-15 per cent of the original tip chord;
the actual contuura of the sections close to the tip were obtained from plaster casts taken after
completion of the t+sts and are represented, to true scale, in Fiies 2, 3; and 4.

Apparatus.-The modeIs were supported in a heavy cast-iron pedestal, or bracket, which
could be rotated on a base aflixed to the bottom of the tunnel. A sheet-metal “plane of
symmetry,”’ which -tended clear across the tunnel, was used to replace, in effect, the other
half of the wing by its reflecting or “mirror” acti.in.

Out of this plane was cut a disk and a disk of very slightly smdlsr diameter was fitted to
the wing ~nd carried on bosses on the supporting bracket, as shown in Figure 5. The smalI
gap between disk and plane was sealed by a sheet-metal ring attaohed to the under aide of
the disk. “The reflecting pIane extended 38.5 inohes (978 milhueters) upstretun a~d 40.5 inches
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FIG. 4.—U. S. A. S5modeI

(l,o3o miHimet~] downstream from the axis of the supporting bracket. The installation
is shown in Figure 6; this photograph is incomplete as a fixed, sheet-metal streamline entirdy
inclosed the braoket ad tubes during testing. It will be noted @at wing tip and dividing
plane are equidistant, respectively, from top and bottum of the tunneI.

Rubber tubes were Ied from the wing butt to the two recording multiple manometers
which were placed on a tabIe direotly beIow the model (see ~. 7). MI uppw surface tubes
were connected to one manometer and lowers to the other; tub= from adjacent stations were
connected to corresponding manometer tubes so that preesure maps could be observed directly
in the manometers. This arrangement was very convenient in the location of the angles of
attack of zero and maximum normal force. The end tubes of eaoh manometer were con-
nected to a static oriiice on the tunnel wall above and just forward of the W@ tip. This
pressure was used as the reference from which positive and negative pressures were measured.

SmaII ekotric bulbs in the backs of the manometers furnished the ilhmina tion for exposure
of the record bkmks of sensitized paper. Blanks were held in contact with the tubes so that
direct prints were made, thus eliminat~o any scaling factor. A sample record is shown in
Figure %
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Procedure.—Before any records were taken, a velocity survey was made directIy in front .
of the model. It was found that the velocity close to-the plane was considerably higher thal~
that in the fwe stream above it. This was quite evidently due to the restriction of the flow
beneath the plane by the large stream line required to irwlose the bracket.

To remedy this condition, the leading edge of the reflecting plane was slightly elevated.
A new velocity survey showed an improved ca~ition and by a series of trials a position giving -
a very uniform velocity distribution across the span was found. All these preliminary trials
were made with the wing at approximately the angle of zero normal force. A sati<actory dis-
tribution having been found for this conditio~, the wing was turned to a huge angle and
another survey made. To eliminate possible yaw effects on the exploring IZtot; the instru-
ment wtis turned to parallelism with a silk thread held just above its nose:

PRESSURE (W UR=GQ SURFACE .
~$

Fro. &-Sampla manomefar record

Results of the two velocity surveys, for the iinal position of the leading edge of the piano,
are given in Figure 9. The dynamic head used in computations was the average of t.ho inte-
grated means of these values. (In the integration, only valum between a point 2 inches (50,8
millimeters) above the plane tind the wing tip were used.)

Following the establishment of a satisfactory velocity distribution, preliminary runs were
made to determine the range of angles to be covered and LOmake sure that the pressures
encountered were within the range of the manometers.

It was found possible to test two of the models at 25 m/s (82.0 ft./s.) but the negtative
pressures on the U. S. A, 35 were so huge that the speed had to be reduced to 22.5 m/s (73.9
ft.k.),
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During the taking of records, air speed was maintained ccmstant according to the regular
~CsemicePitot,>’ vrbich ie located upstream from the tie honeycomb marki~a the forward
end of the straight throat section of the tunnel.

The actual taking of records was a very short, direct process. The ar@e of attack was set
by means of a vernier on the supporting bracket, the air speed adjusted to the proper ndue,
and the ~anomet.ers loaded. A few seconds were allowed to ehtpse for the establishment of
steady conditions and then an exposure of about one-half second was made.

Accuracy.-Models vmre constructed to a maximum tokrance of on-tenth of 1 per cent
of the average chord.

After connection with the manometers, each line was checked for leakage and sluggishness.
During the tests th-e were no fluctuations of liquid lewd sufficiently large or rapid to give indis-
tinct records. The consistency of the method TM pro-red by repeating a run at a high angIe
of attack several days salterthe original had been made. ~eas of the pressure maps from
the two runs were imperceptibly dMerent.

Records were carefully scaled for possibIe shrinkage of the paper but this -wasfound to be
negligible. Phmimetering of the pressure maps vm.sheId well within an accuracy of 1 per cent
except in the smallest diaagrams. The faring of CW-VESwas susceptible to errors of possibl~ 2
to 3 per cent. It seems probable that the fired curv~ are accurate to tithin +2 per cent.

FIG. 9.–Vdockg enrvey abme separdan p18ne

ADVANTAGES OF THE METHOD

The present method has three important advantages over those preciously used in airfoil
pressure distribution work. They are: Attainment of Iarge Vl product by use of large models,
elimination of the interference eftec~ of supporting apparatus and pressure leads, and uni-
formity of reeuks through simultaneous rmording of pr~ures at all points of the wing’s surface.

The question of tunnel wall interference might be of huge tiportance, with models of the
present size, if we were concerned with dr~u. However, the efiect of drag variation upon
normal force is small. If any serious effect upon the ‘( apparent aspect ratio” were present,
one would expect to fid a eonsi&raMe difference between the slopes of the curves of nomnal
force tiersus angle of attack for these large models and for sznalIones. This does not seem
to be the case.

Measurements of pr~ure taken very cIose to the dividing plane might be OPWI to crn~icism.

as vie know that there & a very sharp reduction of velocity in this region. The results obtained
for loading across the span, however, s= to be ~together consistent and it is concluded that
the closest station was sufficiently r~o-red from the ditid~- plane to ape this influence.,

RESULTS AND DISCUSSION

Pressure maps for the individual stations along the span are given in F~e 10 for the
N. A. C. A. 81, in F~e 11 for the U. S. A. 27 C modiiled, and in Fge 12 for the U. S. A. 35.
The contour charts, Figgnres13 to 15, were made directly from these maps and represent the
totrd pressure difference between upper and lower surfaces.

—>=

.- -<
—.

-——-

—.

,.— —

-.
.-

--——

-.

.--L



438

T

al

L1

Q

u

L

REPORT NATIONAL ADVISORY CO~MXITEE FOR -4ERONAU~CS

L‘1
‘.

L‘1,
t

\
.8.
4
‘L ..-

A. Kdtl
JCL
ALii!!J&
J!L.J!)&

A“
,’

,1

,F’”



PRESSURK DISTRIBUTION OVER THICK TAPERED AIRFOIM 439 .—

,,~,,

: L&
,

L
,/

1

:

dr
#

,/

L1
,
,

:
,

8’%--%

c1

J!&
t’

:

:

/
:
:

,:

/d

Q .-

L
r’
,

/
j
?
:
:

‘;
#d;

.’



-.-—

K
----

/’4
4

/’

L\‘%. A“
Q

L;‘b‘, ‘. ----

c1

L1

440



e——..
.??

f
(5 ,—. —. —-

_____ .—. — .—. — -—.—- —. ~

I

------ -------------------- ----------------- .

/-------
/--

/./”

&L------

~
.6

:

—.— .—.
--. — .—.

— .— $’
.

I

,. I I’-i

.

I

.-. .—. — .—. — ._, _ .
-m

I

---------
-------------

,1’
I

,..

I,,
,:.

ii

ii

I



.2

.4 .

-=ss%

.6
t

.

——. ~

‘. CY! _—
./ —-;—-—-—

2,0 f.5

25. ~“

.30 —~
Sas

0.—— —— —-

--.-—--------——-—---=------------
-a

.

/
L --—- /.—— ,/’

.2

/

1. .6’

-.
--+. C.? -/

,C,...

“2.0
$

—.—- —.—

W. ~
23 —

2

.8

y

I.o

.—-—- /-~-—”— 80
,CR

0 _—— —__
_—— ——— — n? —.—

~
,U?



\,
\.

\,

\,

\

\,

\

qi

I
i
/
i

/’
/

PEESSURE DISTRIBUTION OVKR TK(CK TAPEEKD AIRFOILS 443

“=-----

a= f2°

a= 3“

a= 30°

u-

-—

—

Fm. 15.-Ca.ltoun of mxmnl ~ure-U. S. A. .35

(m term9of l?-+



.

444 REPORT NATIONAL AD~ORY COMMI~~ FOR N3EONAUTICS

The load curves, Figures 16 to 18, have ordinates which are proportional

. .

to the areas of
the corresponding p&ss&e maps; a riondhnensicmd..ordinate h~ b~en introduced to avoid
confusion in computations. involving the varying chord. The coefficient K is equal to G
times (chord/span); hence, K times q times span equals load per unit span.

From each load, the corresponding norrd force. coeflkient Cmh~ been calculated and
these values are plotted against the span as Figures 19, 20, and 21.

The areas under thase curves have been integrated and divided by the semispan to give
the values of CLfor the whole wing; the final plots of CLversus angle of attack are given in
Figures 22,23 and 24.

The individual pressure maps are very simiIar to those for thin wings. The one out-
standing effect of large thiclmess seems to be a depression of the front and middle portions of
the diagrams, i. e., for the same pressure di&mnce-liietween upper and lower surfaces,. the
absolute pressures on both surfaces are lower for a thick than a thin wing. AE zero lift is ap-
proached, this effect appeam as a downward tilting of the pressure map toward the leading
edge. Convexity of the lower suface accentuates this condition wry noticeably, as was
pointed out in Reference 2,

In general, the loading across the span on all three airfoils is satisfactory. The two main
objectives of obtaining small moments about the spar roots and approximately elliptical lift
distribution have been attained @ all three wings.

Through the angles of the usual flying range, thelo@ings &crossthe’spans of the N. A. C. A.
. .

S1 and U. S. A. 35 approach the elliptic form very closely. From this point of view, there is
little choice between them, unks it is that the momcmts about the spar roots are slightly
greater for the latter. The load curves for the U. S. &27 C modified, however, droop toward
midspan and consequently make this airfoil inferior to the other two.

In the high speed or diving range, the inferiority of the U. S. A. 27 C modified is very
marked. From the load curves it may be seen that at zero lift the loading changes sign twice
in the semispan, that is, there is positive lift--at the quarter span point and negative lift at the
tips and center. This would stress the spare excessively at the quarter points and probably
give rise to uhcerth stability and tricky control in a dive, as the airflow in such a condition
is bound to be highly unstable.

It will be seen that on both the other wing3, h obtain zero lift over the whole wing, the
tip must be at negative lift. The condition indicates an excessive washout. Though neither
of these wings has any “geometric washout,’) the aerodynamic characteristic is pres.encto quite
a large degree; the washout referred to here is the difference between the angles of. zero lift of
root and tip sections. This is considered an undesirable quality, particularly in its application
to cantilever construction. It could easily be remedied by the use of a slight geometric
washin which should not seriously detract,from the good characteristics of the positive lift range.

The distribution of load at maximum lift is of conaiderable importance in the considera-
tion of accelerated ~~ht and, for this reason, the lateral cente~ of pressure have been calculated
from the load curves for this condition. They were found to lie at the following percentages
of the semispan, as-measured from the center: N. A. Cl A. 81, 41.9; U. S. A. 27 C modified,
44.3; u. s.A.3.5,45.5. ,.

It will be noticed that while the sections midway between root and tip burble first in the
N. A. C. A. 81 and U. S. A. 27 C modified, the U. S. A. 35 behaves quite dtierently. When
th~ airfoil reaches maximum lift, the loads at the ce@er of the span begin to decrease, then
there is a more or less uniform reduction across the ent&e span and this is folIowod by an abrupt
drop which attains its greatmt value at about the quarter-span point.

The maximum intensity of load found along the leading edges of these wings would indi-
cate that-shape of the forward portion of the airfoil is more important than camber, for the order
of maxima does not agree with the order of cambers.<..,The highest loads recorded were N. A.
C. A. 81,4.0 q; U. S. A. 27 C modified, 3.5 g; and U. S. A. 35, 4.7 g.

●
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The pressuresover the tips of these airfoils are of particular interest from both structural
and aerodynamic standpoints. It was hop,ed, when this plan form was laid out, b obtain
contoum somewhat approximating those of the negatively raked and elliptically tipped wings,
The contoum show that the results f ell short of expecta~pns.

On the N. A, C. A. 81, the tip loading is not really severe, but a small secondary pressuro
peak does appear at high Iifts. This high local pressure is forward of the limits of a normal

/.

0.
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-cl

Angle of ati’adf

FM. ZZ.-TotaI normnl fcme-N. A, O. A. 81
.

aileron but might move easily back onto the aileron if the surface were given a large down angle.
The maximum load found imthe secondary peak has an intensity of 0.8 g. The condition on tho
U. S. A. 27 C modified was similar to that of the-N. A. C.,A. 81, reaching a maximum value of
1.0 q and having approximately tie same location.

In the case of the higher cambered. U.S.A. 35, howe~er, this secondary peak reached alarm-
ing proportions. Its ma@mun intensity was 2,6 g and it extended so far forward as to nearly

t.
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join the high pressure region aIong the leading edge. The cross-span load curve actuaJly shows
a small peak at the outer station whereas the curves for the other wings drop rapidIy in”this
region. It is certain that operation of a normal aileron would not be satisfactory with a tip
of this kind on the U. S. A. 35 airfoil.

The peculiar form Qf pressure distribution found on these tips seems to demand some
explanation. The contoum resemble both those for rectangular and elliptical tips (Reference 1)
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in some details. The high pressure region along the leading edge swings back, as on the ellipti-
cal tip, and the secondary peak appeam w in the rectangdar one. Almost the same condition
will be found on the -wing Ho. 59, previously tested. (Reference 2.) It is thought that if this
wing had been tested at the angle of maximum lift, the secondary peak would have been even
higher than that on the U. S. A. 35 because of its greater camber. .. It appears that the reduction
of chord close to the wing tip plays a part newly as important as does the distribution of area
with respect to the leading edge. The shape of tip used in these txds gives 1sssreduction of
chord close ta the tip than do the elliptical or ralced tips shown in Refmence 1, and the close
r~bknce to the rectangdar tip is blamed for the unsatisfactory distribution. In Figure
25, chord is plotted against span for the thee shapes of tip; the curve for a suggested form
is added. The latter would be laid out by inscribing arcs of 0.25 and 1 tip ohord radii within
the tip plan form.
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CONCLUSIONS

The distribution of pressure along the chords of these airfoiIs is very similar to that on thin
airfoiLs;a greater portion of the surface experiences negative pressure at zero lift in thick sections
than thin ones.

The distribution of load across the span of airfoils tapered as are the N. A. C. A. 81 and
U. S. A. 35 and having a good form of wing tip is almost ideal. from th~ aerodynamic point of
tiew and is easily deslt with structurally.

While the tip form used on tie wings would probabIy be easier to construct than one
involv@ spars of unequal Iength, it is seen that a greater reduction of chord shouId be made
close to the tip. EMm.r the elliptical form or the shape suggested in the discussion is recom-
mended.

TO improve the distribution of load aIong the span, particu.Iarly at negative and smalI
positive !ifte, the -wingshouId be twisted so that sll sections will be at zero Iift simultaneously.

The plan form used in the U. S. A. .27 C mofied seems to have no apparent advantage,
either structure or aerod~amic, over the str@ht tapered wings; in fact, it seems inferior from
every point of view.
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TABLE I.—Wing Section Ordinatee in Per Cent oj Chord; iWion.z in Per Cent oj Chord jrom L. E.
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